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HERV-H elements are a large family of endogenous retrovirus-like sequences found in approximately 1000 dispersed 
copies in the genomes of humans and other primates. The most abundant subclass of these elements is a partially deleted 
form of 5.8 kb which is transcribed primarily as a 5.6-kb unit length RNA and a 3.7-kb spliced derivative. The provirus-like 
structure of these elements uggests that their numbers have increased in the genome through retrotransposition. However, 
this has not been demonstrated for HERV-H. To determine if genomic expansion of HERV-H elements involved an RNA 
intermediate, primate DNAs were screened by PCR for elements that were transcribed, spliced, reverse transcribed, and 
integrated back into the genome. This PCR screen detected several genomic HERV-H fragments that appear to be derived 
from spliced transcripts. Interestingly, the presence of one of these fragments is polymorphic in humans, suggesting that 
its integration was a relatively recent event. Another PCR strategy was used to determine that at least one of the spliced 
elements has an intact 5' LTR, indicating that it is not simply a "processed pseudogene" or cDNA copy of a HERV-H 
transcript. Genomic cloning and sequencing of a human locus harboring a spliced element revealed the expected structure, 
e.g., intact LTRs and flanking 5-bp direct repeats, for a virally retrotransposed element. A genomic library screening method 
also indicated that very few HERV-H elements (less than 1%) have the structure of processed pseudogenes. These results 
suggest that most HERV-H elements amplified in the genome as viral retrotransposons. © 1995 Academic Press, Inc. 
INTRODUCTION 
The genomes of humans and other primates contain 
several families of sequences, termed HERVs, that re- 
semble integrated retroviruses (for reviews see Larsson 
et aL, 1989; Wilkinson et aL, 1994). Most HERV families 
are present in relatively low copy numbers per haploid 
genome (1-50), but one family, HERV-H (also termed 
RTVL-H), consists of approximately 1000 copies distrib- 
uted on all chromosomes (Mager and Henthorn, 1984; 
Fraser et aL, 1988). The majority of HERV-H sequences 
are 5.8 kb in length and share five deletions which re- 
move parts of the pol domain and most of the env region 
(Mager and Freeman, 1987; Wilkinson et aL, 1993). Re- 
cently, however, it has been found that 5-10% of HERV- 
H elements are intact throughoutpol  and env, suggesting 
that a few of them may be coding-competent (Hirose et 
aL, t993; Wilkinson et aL, 1993). In addition to internal 
homology to known retroviral genes, HERV-H elements 
have structural features characteristic of proviruses, in- 
cluding long terminal repeats (LTRs), a tRNA primer bind- 
ing site homologous to His-tRNA, a polypurine tract just 
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5' to the 3' LTR and flanking 5-bp cellular direct repeats 
(Mager and Henthorn, 1984; Mager and Freeman, 1987). 
All of these features suggest that the family arose 
through ancient retroviral germ line infections of primate 
ancestors. 
The HERV families that have been analyzed are at 
least 25-30 million years old since they are found in 
the genomes of Old World monkeys as well as higher 
primates (Repaske et aL, 1985; Mariani-Oonstantini eta/., 
1989; Goodchild etaL, 1993). Despite similar evolutionary 
ages, HERV-H elements have amplified to a much greater 
extent than the other known HERV families. The largest 
genomic expansion of HERV-H sequences involved one 
or a few partially deleted precursor elements that ampli- 
fied to several hundred copies after the divergence of 
the Old and New World primate lineages (Goodchild et 
aL, 1993). Because these defective HERV-H sequences 
appear to have been more "successful" than other HERV 
families in establishing themselves in the germ line, we 
have been interested in determining by what mechanism 
they have expanded. Their structural features, and their 
dispersion in the genome, suggest that they have in- 
creased in number through intraceltular etroviral trans- 
position involving an RNA phase. However, these charac- 
teristics do not rule out other mechanisms for genomic 
amplification such as gene conversion or duplication. 
Indeed, it appears that at least some members of the 
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HERV-E family of human endogenous retrovirus-like le- 
ments have arisen as part of DNA amplification events 
involving flanking sequences (Steele et aL, 1986). 
Intracellular transposition of defective retroviruses and 
retrotransposition of murine intracisternal A particle (lAP) 
endogenous retroviral sequences have been detected in 
tissue culture by marking the elements with an "indicator 
gene" that is expressed only if the element has retro- 
transposed (Heidmann et al., 1988; Heidmann and Held- 
mann, 1991). While this is a useful strategy, the rate of 
transposition of an individual marked HERV-H element 
may be too low to be measurable in such an experimen- 
tal system since, unlike lAP elements (see Kuff and Lued- 
ers, 1988; Amariglio and Rechavi, 1993, for reviews), no 
new insertions of HERV-H sequences or any other HERV 
have been detected (see Wilkinson et al., 1994). As an 
alternative approach to determining if dispersion of 
HERV-H elements involved an RNA intermediate, we 
have analyzed primate DNAs for the presence of 
"spliced" HERV-H sequences that have been reversed 
transcribed and inserted into the genome. The detection 
of such RNA-derived sequences is an indication that at 
least some HERV-H elements arose through retrotrans- 
position. 
MATERIAL AND METHODS 
Sources of DNA 
Human and primate cell lines used as sources of 
DNAs included three lymphoblastoid cell lines from 
NIGMS Human Genetic Mutant Cell Repository repre- 
senting three inbred human populations, Amerindian 
(GM10968), Melanesian (GM10540), and Pygmy 
(GM10494). Primate cell lines were obtained from the 
American Type Culture Collection= chimpanzee (WES 
skin cell line), gorilla (ROK cell line), gibbon (MLA144 
lymphoma cell line), orangutan (CP18.5K normal skin cell 
line), baboon (260B-1 lymphoblastoid cell line), African 
green monkey (CV-1 kidney cell line), and marmoset 
(msv-silva 40 cell line). Cells were cultured using recom- 
mended conditions and DNA was isolated using stan- 
dard procedures (Sambrook et aL, 1989). Additional hu- 
man lymphocyte DNA samples were derived from unre- 
lated individuals living in British Columbia and were 
provided by Dr. A. Turhan. 
PCR analysis 
Reactions were carried out under the following condi- 
tions, 20 mM Tris, pH 7.5, 50 mM KOl, 2.5 mM MgCI2, 
0.01% BSA, 250 #M each dNTP, 1.25 U Taq polymerase, 
30-40 pmol each primer, and 0.5 #g genomic DNA as 
template. Cycle parameters were, 2 min at 95°; 25-30 
cycles of 30 sec at 94 °, 30-60 sec at 50-60 °, 1-3 min 
at 72°; and 3 min at 72 ° . Products were analyzed by 
electrophoresis in 1-2% agarose gels. Primer sequences 
were as follows= primer 1 (5' to the splice donor site), 5' 
caagtaggatCCCAAGGAACATCTCACCAA 3'; primer 2 (3' 
to the splice acceptor sites), 5' caagtaggatCCTTCCACT- 
GTGAGAGTTAC 3'; U3-1 specific primer (homologous to 
the first 22 bp of the LTR), 5' TGTCAGGCCTCTGAGCCC- 
AAGC 3'; U3-2 specific primer (homologous to positions 
61-83 of the LTR), 5' CAGATGGCCTGAAGTAACTGAAG 
3'; U5 specific primer, 5' GTTTGGTGGTCTCTTCACACG 
3', The sequences of the primers spanning specific 
splice junctions are shown in Table 1. 
Probes and libraries 
The HERV-H probes used were a 5' internal 125-bp 
Hinfl/Dral fragment located between the 5' LTR and 
splice donor site, isolated from cDNA clone N 10-13 (Wil- 
kinson et'al., 1990); a 265-bp Ncol/OxaNI fragment lo- 
cated 140 bp 3' to the splice donor site, isolated from 
RTVL-H2 (Mager and Freeman, 1987); a 323-bp Stul/Sphl 
U3 specific fragment described previously (Feuchter et 
aL, 1992); a 40 base U5-specific oligomer, 5' AAGCCT- 
G-i-FTGGTGGTCTCTTCACA C/T G/A GA C/T G/A C/T 
GCATGA A/C A 3'; a 3' internal Styl/Stul fragment located 
immediately 5' to the 3' LTR, isolated from RTVL-H2. All 
fragments were labeled with 32p by standard methods 
(Sambrook et aL, 1989) except for the U5 oligomer which 
was tailed with [32P]dCTP using terminal transferase 
(Eschenfeldt et al., 1987). 
A human genomic library from which the spliced ele- 
ment was isolated was constructed by inserting 15-20 
kb partially digested Sau3A fragments of human female 
DNA into the phage vector XGEM-12 (Promega). The liga- 
tion was packaged and screened prior to amplification 
with HERV-H probes from the pol region that are deleted 
in most elements (Wilkinson et al., 1993). Characteriza- 
tion of one of the positive clones indicated that it repre- 
sented a spliced element. The library used to screen 
for potential processed pseudogenes was an amplified 
Charon 32 library of partially digested EcoRI fragments 
of human DNA and was provided by Jerry Slightom. 
Plates were lifted using standard protocols (Sambrook 
et al., 1989). Hybridizations were performed as described 
previously (Goodchild et al., 1993). 
The HERV-H cDNA clone N10-14 used for sequence 
comparisons in Fig. 7 was isolated from an NTera2D1 
teratocarcinoma cell cDNA library during a previous 
study. It belongs to a group of spliced cDNAs with similar 
structures represented by clone N10-15 in Fig. 6 of Wil- 
kinson et al. (1990). 
DNA sequencing 
Appropriate restriction fragments of bacteriophage 
DNA were subcloned into plasmid vectors. Sequencing 
was performed using the dideoxy-chain termination 
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FiG. 1. Strategy for detecting spliced, retrotransposed elements. The 
top line illustrates the structure of the major 5.8-kbclass of HERV-H 
elements. SD and SA denote the splice donor site and cluster of splice 
acceptor sites identified previously (Wilkinson et al., 1990). The small 
triangular arrows flanking the element represent 5-bp direct repeats. 
The bottom line is the predicted structure for a spliced retrotransposed 
element where SJ indicates the splice junction. PCR primers used are 
labeled 1 and 2. 
method modified for use with double-stranded templates 
and T7 DNA polymerase (Tabor and Richardson, 1987). 
Sequences were analyzed using the Genetics Computer 
Group software (Devereux et aL, 1984). 
RESULTS 
Detection of spliced HERV-H sequences in genomic 
DNA 
We have employed a PCR-based strategy, shown in 
Fig. 1, to scan primate genomes for the presence of 
spliced HERV-H elements. In previous work, it was found 
that unit length HERV-H RNA transcribed from the com- 
mon 5.8-kb deleted form is frequently spliced from a 
constant donor (SD) site located 140-bp downstream of 
the 5' LTR to one of a cluster of splice acceptor (SA) 
sites located 5' to the beginning of the pol domain (Wil- 
kinson et aL, 1990). This 3.7-kb spliced RNA is observed 
in most cell lines and tissues in which HERV-H is tran- 
scribed, including teratocarcinoma cell lines, Hela, and 
normal amniotic tissue from placenta (Wilkinson et aL, 
1990). To search for possible spliced DNA elements, PCR 
analysis was performed on genomic DNA from humans 
and other primates using primers 1 and 2 as shown 
in Fig. 1. The size of amplified fragments from spliced 
elements is predicted to be 150-400 bp depending on 
which SA site is used. Fragments of this size range can 
be easily distinguished from PCR products generated 
from intact, unspliced elements which would be approxi- 
mately 2 kb. One such PCR experiment, using a panel 
of human and primate DNAs as templates, is shown in 
Fig. 2A. The banding patterns obtained were relatively 
simple, with those for chimpanzee, gorilla, and gibbon 
(lanes 7-9), being similar to that obtained for human 
(lanes 2-6), while the monkeys (lanes 11-12) showed 
different banding patterns. All lanes except marmoset 
had a band or bands of --210 bp, which is in the size 
range expected for a spliced retrotransposed element. 
Interestingly, a fragment of --400 bp was seen in three of 
the five human DNAs tested. A larger panel of unrelated 
human DNAs is shown in Fig. 2b and indicates that 6 of 
the 12 DNAs tested yielded this band, suggesting that 
presence of the corresponding HERV-H element is wide- 
spread in the human population but is not fixed. 
Thirteen PCR products (four from human, five from gib- 
bon, and four from orangutan) were subcloned and se- 
quenced, and the sequences obtained were compared in 
Fig. 3 to that of an unspliced HERV-H element, RTVL-H2 
(Mager and Freeman, 1987). Of the clones obtained, the 
polymorphic band in human, three gibbon products, and 
one orangutan product appear to be derived from spliced 
reintegrated elements. The sequence of the human frag- 
ment, Hum-S1, extends from the 5' primer to the SD site, 
where the homology to RTVL-H2 ceases and then re- 
sumes 1673 bp'downstream at a site just upstream of the 
cluster of previously identified SA sites. The gibbon and 
orangutan clones also extend from the 5' primer to the 
SD site where homology jumps to the region of the SA 
sites. For two of the gibbon clones and the orangutan 
clone, homology resumes at SA sites previously identified 
through the analysis of cDNA clones (Wilkinson et al., 
1990) with one gibbon clone and the orangutan clone 
using the same SA site. There are some sequence differ- 
ences between these latter two clones but these could 
represent sequence divergence from a common ancestral 
element in the gibbon/orangutan branch. An examination 
kb 
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FIG. 2. PCR products obtained using primers 1 and 2. (A) Ethidium 
bromide-stained gel using genomic DNAs as templates. Lane 1, no 
DNA control; 2 6, human (4-6 represent inbred populations of Ameri- 
dian, Melanesian, and Pygmy); 7, chimpanzee; 8, gorilla; 9, gibbon; 10, 
orangutan; 11, baboon; 12, African green monkey; 13, marmoset. (B) 
PCR products using a larger panel of human DNAs from 12 unrelated 
individuals. The arrow indicates the 400-bp fragment amplified from 
DNA of some individuals. The leftmost lane is a no DNA control. 
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FIG, 3. Sequence alignments of the PCR-generated fragments to an unspliced HERV-H element, RTVL-H2 (Mager and Freeman, 1987). (A) The 
sequence to the RTVL-H2 splice donor site and (B) where homology resumes for each fragment, The asterisks indicate previously identified splice 
acceptor sites (Wilkinson et aL, 1990). The consensus splice donor and acceptor sites (Shapiro and Senapathy, 1987) are indicated. Numbering 
corresponds to the RTVL-H2 sequence. 
of the RTVL-H2 sequences corresponding to the SA sites 
identified in the PCR clones showed a reasonable match 
to the consensus SA sequence for only two of the four 
sites (HUM-S1 and GIB-S2, see Fig. 3). However, RTVL- 
H2 is only one of a 1000 HERV-H elements and it is possi- 
ble that the particular elements from which these spliced 
sequences were derived show a better match to the SA 
consensus at these sites. 
The -210- and 600-bp fragments present in human 
were also sequenced. Homology of the 600-bp clone to 
R-rVL-H2 extended from the 5' primer past the SD site 
f0r326 bp before ceasing and then resuming at a position 
within the cluster of SA sites. Homology of the 210-bp 
clone to RTVL-H2 also extended beyond the SD site for 
149 bp and then jumped to a position just downstream 
of the SA sites. Thus, the 210- and 600-bp fragments 
do not appear to be derived from spliced reintegrated 
elements as sequence loss does not coincide with the 
SD site. It is probable that these fragments were gener- 
ated from HERV-H elements with deletions. 
Strategy to distinguish between retroviral 
transposition and processed pseudogene formation 
The finding of spliced HERV-H sequences in primate 
DNAs strongly suggests that an RNA intermediate was 
involved in their introduction into the genome. Such se- 
quences could have integrated via a true retrovirus-like 
process but they could also have been formed by a more 
nonspecific mechanism involving the reverse transcrip- 
tion and integration of the transcript. This latter mecha- 
nism has led to the appearance in the genome of cDNA 
copies or processed pseudogenes derived from a variety 
of cellular genes (Weiner et al., 1986). These two poten- 
tial pathways for the integration of spliced HERV-H ele- 
ments are shown in Fig. 4. To determine if the five spliced 
fragments we had isolated were generated through a 
retrovirus-like mechanism, each element was examined 
for the presence of an intact 5' LTR using the PCR prim- 
ers shown in Fig. 4. HERV-H transcription, like that of all 
retroviruses (Varmus, 1982), begins at the 5' boundary 
of the 5' LTR R region and terminates at the 3' boundary 
of the 3' LTR R region with the addition of a poly(A) tail 
(Wilkinson et aL, 1990). Thus, the transcript does not have 
intact 5' and 3' LTRs (Fig. 4). During retroviral replication 
or viral retrotransposition, reverse transcription occurs 
in a very defined way which results in the LTRs being 
regenerated (Varmus, 1982; Boeke and Corces, t989) 
(Fig. 4A). In contrast, processed HERV-H pseudogenes 
would have the structure of transcripts, i.e., incomplete 
LTRs and a 3' poly(A) tail, and would be flanked by direct 
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FIG. 4. Predicted genomic structures of (A) a spliced virally retretrans- 
posed element and (B) a spliced cDNA copy or processed pseudogene. 
The top part of the figure shows a typical HERV-H element and a 
spliced transcript. Open boxes represent LTRs with the U3, R, and U5 
regions indicated. The U3, U5, and splice junction (S J) specific primers 
used for PCR are shown as small arrows. 
repeats of variable length (Fig. 4B). The PCR strategy 
helps to distinguish between a true viral retrotransposed 
spliced element and a processed pseudogene based on 
the fact that only the former will have intact LTRs. Pairing 
a primer that spans the specific splice junction with ei- 
ther a U3- or a U5-specific primer will yield an amplified 
fragment of the appropriate size if the element has intact 
LTRs (Fig. 4A), while only a U5/junction primer pair will 
yield an amplified product if the element is a processed 
pseudogene (Fig. 4B). This PCR strategy was first used 
to examine the structure of the element from which the 
apparently polymorphic PCR product in human was de- 
rived. Human DNAfrom the GM10540 cell line, previously 
TABLE 1 
PCR AMPLIFICATION USING SPECIFIC SPLICE JUNCTION 
AND CONSENSUS LTR PRIMERS 
Element 
PCR fragment 
obtained 
SJ primer sequence U3-1/SJ U5/SJ 
Hum-S1 
Gib-S1 
Gib-S2 
Gib-S3 
Orang-S1 
GTGTGOTGGAGATGTGIOGGA a _~ + 
OTGGAGATGTGJCGGAqqq-GA -~ + 
ACqq-CCAGTGGGGTCICTAAT - ÷ 
TAAGCCGAGAAGATICGGAq~ - ÷ 
AGGCAqq-CClq-GGCICCGATT - + 
qqq-CCAGTGGGCTCICCAAqq- + + 
The I in each primer sequence indicates the splice junction. 
b PCRs using the Hum $1 primers and the U3-2 primer were also 
negative. 
identified as having this PCR product using the original 
SD/SA primer pair (see Fig. 2), was compared with DNA 
from the GM10968 human cell line which had not yielded 
this PCR product. PCRs with a U3/splice junction and/or 
US/splice junction primer pair(s) should yield a unique 
PCR band of --600 bp and/or --180 bp, respectively 
(based upon the sequence of RTVL-H2; Mager and Free- 
man, 1987), with the GM10540 DNA as template. PCRs 
were performed and the expected amplified product us- 
ing the U5/splice junction primer pair was seen with 
GM10540 DNA and not GM10968 DNA. However, neither 
DNA yielded the expected product with the U3/splice 
junction primer pair even though two different junction 
primers and two different U3 primers, U3-1 and U3-2, 
designed from a conserved region of the LTR were used 
(Table 1). The fact that a unique amplified product could 
be obtained only with the U5/junction primer pair sug- 
gests that this ~lement may represent a processed pseu- 
dogene. However, although the U3 primers were de- 
signed from the first 100 bp of the LTR, which is generally 
well conserved (Goodchild etaL, 1993), it is also possible 
that the U3 region of this particular element is sufficiently 
diverged so that the primers did not bind. For the three 
gibbon clones, the expected amplified band was also 
obtained only with the U5/junction primer pair (Table 1). 
However, with the orangutan clone, orang-S1, the ex- 
pected amplified products were obtained with both U3/ 
junction and US/junction primer combinations (Table 1), 
indicating the association of an intact 5' LTR with this 
element. Although a fragment similar to orang-S1 was 
not cloned from human DNA using our original PCR strat- 
egy (Fig. 1), we tested for its presence in human and 
other primates using the U3-1 primer coupled with the 
specific orang-S1 junction primer. Figure 5 illustrates the 
results of this PCR experiment. The prominent ~590-bp 
band marked with an arrow corresponds to the predicted 
size for an intact 5' LTR and is seen in the DNA from 
human, chimpanzee, and gorilla as well as orangutan. 
This finding suggests that the element, or possibly multi- 
ple elements having very similar structures, integrated 
into the germ line after the divergence of the orangutan/ 
great ape lineage from the other primates. Cloning and 
12345678 
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FIG. 5. PCR analysis on primate DNAs using the Orang-S1 junction 
primer and the U3-1 primer. Lane 1, human; 2, chimpanzee, 3, gorilla; 
4, gibbon; 5, orangutan; 6, baboon; 7, African green monkey; 8, no DNA 
control. The band marked with an arrow is the predicted size for an 
element with an intact 5' LTR. 
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sequencing of the entire 590-bp fragment between the 
two PCR primers from human and orangutan were per- 
formed and revealed intact 5' LTRs as expected (data 
not shown). These LTRs both belong to the "type I1" sub- 
population which is one of two major subtypes of HERV- 
m LTRs that have been distinguished by the sequence 
and the number of direct repeats found in the U3 region 
(Mager, 1989; Goodchild et al., 1993). Overall, the two 
sequences were found to be 95% identical, indicating 
that they represent highly related genomic elements in 
two different species. 
The PCR fragments of ~450 and --620 bp observed 
inthe human DNA lane were also cloned and sequenced. 
Thelarger fragment is 97% identical to the 590-bp human 
fragment with the primary difference being in the length 
0fthe type II LTR which contains an extra type II repeat 
in its US region. These clones thus appear to represent 
two independent ype II HERV-H-spliced elements with 
the same splice junction. The 450-bp fragment, observed 
in all lanes in Fig. 5, contains a complete type I LTR, but 
most of the sequence between the LTR and the site of 
the 3' PCR splice junction primer has been deleted. This 
fragment may therefore be the result of aberrant PCR 
priming of a deleted HFRV-H sequence and not a spliced 
element. 
Oharacterization of the genomic locus of a spliced 
HERV-H element 
While the presence of a full length 5' LTR in these 
spliced elements suggests integration via a viral retro- 
transposition pathway, isolation of the genomic locus 
harboring such an element is necessary to obtain more 
definitive vidence for this pathway. To attempt to clone 
spliced elements, we screened a human genomic phage 
library for elements that hybridized to a probe 5' to the 
SD site but not to a probe just 3' to that site. We were 
unsuccessful in this experiment since, although over 400 
HERV-H positive clones were detected, they all hybrid- 
ized to both probes, indicating that they are unspliced. 
However, during the course of an unrelated study to iso- 
late relatively rare HERV-H clones that are undeleted 
inthepol domain, we obtained one phage clone that 
represents a spliced element. This element has been 
termed HHsplicel and its partial DNA sequence with the 
5' and 3' LTRs aligned is shown in Fig. 6. The primary 
features to note are the intact LTRs and the 5-bp duplica- 
tion, 0COAG, flanking the element. These characteristics 
are expected of a virally retrotransposed element. The 
5' and 3' LTRs are 97% identical to each other. These 
LTRs are also type I] and the 5' LTR is 93% identical to 
the LTR in the 590-bp human PCR clone. Interestingly, 
analysis of the flanking sequence indicates that the ele- 
ment has integrated into an Alu sequence belonging to 
theJ subfamily (Jurka and Smith, 1988). The 15-bp direct 
repeats bounding the Alu are indicated in Fig. 6. The 
CCCAG duplication is present in a single copy in the 
consensus Alu-J sequence (Jurka and Smith, 1988). 
Figure 7 shows a comparison of the internal HHsplicel 
sequence 3' to the 5' LTR with equivalent regions in the 
orangutan and human PCR clones and a HERV-H spliced 
cDNA clone N10-14 isolated previously. The unspliced 
element RTVL-H2 is also shown. This alignment illus- 
trates the high degree of homology among the four 
spliced elements isolated in this study with the two hu- 
man PCR clones being identical in this region. The N10- 
14 cDNA clone was isolated from an NTera2D1 teratocar- 
cinoma cDNA library (Wilkinson et al., 1990). The LTR in 
this element is type I and is only 68% identical to the 
HHsplicel type II LTRs (data not shown). Nonetheless, 
as shown in Fig. 7, N10-14 and HHsplicel share the 
same splice junction since homology between the two 
extends through the splice site. 
Processed HERV-H "pseudogenes" are rare in the 
genome 
Our POR analysis of spliced elements (Table 1) sug- 
gested that some may not have intact 5' LTRs and hence 
may represent processed pseudogenes. To obtain a bet- 
ter estimate of the overall number of HERV-H elements 
that may have integrated as cDNA copies rather than 
as viral retrotransposons, we screened a human partial 
EcoRI genomic phage library with four HERV-H probes. 
The purpose was to identify clones that hybridize to ei- 
ther an LTR U5-specific probe or an LTR U3-specific 
probe but not both. Full length HERV-H processed pseu- 
dogenes will of course hybridize to both of these LTR 
probes (see Fig. 4) so we first eliminated clones con- 
taining full length elements by selecting phages positive 
for either a 5' internal probe or a 3' internal probe but not 
both. The EcoRI library used contains a high proportion 
of such partial HERV-H elements since most elements 
contain 1 or 2 internal EcoRI sites (Mager and Freeman, 
1987, unpublished observations). This library was 
screened with all four probes to determine what fraction 
would hybridize only to U5 and the 5' internal probes or 
only to U3 and the 3' internal probes. Such clones fit the 
criteria for HERV-H processed pseudogenes. (It should 
be noted that the U3 probe used hybridizes to both type 
I and II LTRs.) The results of this experiment were as 
follows, A total of 1.8 X 105 phages were screened and 
785 were positive with the 3' internal probe. This number 
is proportional to the total number of elements in the 
genome. Of these 785, about 10% or 82 contained full 
length elements in that they were also positive for the 5' 
internal probe. This indicates that close to 90% (703/785) 
of the HERV-H positive phages in this library contain only 
the 5' or 3' portion of an element and hence are suitable 
for this analysis. After the initial library hybridization with 
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HHspl 5' 
HHspl 3' 
5' 
3' 
5' 
3' 
5' 
3 
5 
3 
5 
3 
5 
3 
5 
3 
5 
3 
5' 
3' 
5' 
3' 
5' 
3' 
AGGTCAGCGAACATAGTACTACTTCTTTAAAGGTCATTG~AAGCCAC-GC~KAGTGGCTCACACCTGTI~ 
I I I i 11 II I I I 111 II I I I 
TTCTTTTATTCGGACCTTGTGTCTTTTGTTTAGTTTCTCAATTCATATAAACCACATCCAGGCCATCAC 
140 
CCCGACACT~TTTTT~CTCCTGCT~TGCAGSASAATTC~TTA~GCCA~AGTTACCAGCCTGAGC~C 
I II l I I II II I I il I I It 
CAA~AC=ATATGAC~TGC~TCTTC~C~CCCCACAA~A~CACCCCT~ACCCC~.~A~CT~TCT=CA 
. . . . . .  210 
ATAGCAAGACCCTGTCTC~TGAAGGGAGGGAGAGAGAGAGGGAGG 
I I I i I II I I II I III I I 
GTTGAATCTCTCCCACTGTAGGTTCCCACGCTGCCCCAATCCCGCTTGAATCAGCCCTAAGAAACATCGC 
280 
AAGAAAGGAAGGAAAGAAAATTAC-CCAGGTGTAGTTGTATC-CACCTGTAGTCCCAGCTACTCGAGAGGCT 
I I I I I I II II I I I I I 
CCATTATCTCTCCATACCACCCCCAAAAATTTTCGCTGCCCCAACTCTTTACCACTATTTTGTTTTATTT 
350 
GAGGTGACA&ATCACATGL~C~CA~GTCAGGCCTCTGAGCTCAAGCTAAGCCATCATLTCCCCAGTGA 
I I I I  I I II I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I  
TTCTTATTAATATAAGAAGACAGGA~GGTCAGGCCTCTGAGCCCAAGCTAAGCCATCATATCCCCAGTGA 
- -  " 420 
CCTGCACGTATACATCCAGATGGCCTGAAGCAACTGAAGATTCACAAAAGAAGTGAAAATAGCCTTAACT 
tllll IIII III III IIIIIII IIIIIII III II IIIII III II III IIIIIII II 
CCTGCACGTATACATCCAGATGGCCTGAAGCAACTGAAGATCCACAAAAGAAGTGAAAATAGCCTTAACT 
490 
GACGAAGTTCCACCATTGATTTATTTCTGCCCCAACCTAACTGATCAATGTACTTTGTAATCTCCCCCAC 
Illll IIII III Ill IIIIIII IIIIIII III l l l l l l l l  Ill II III Itlllll II 
GACGAAGTTCCACCATTGATTTATTTCTGCCCCAACCTAACTGATCAATGTACTTTGTAATCTCCCCCAC 
560 
CCTTAAGAAGGTTCTTTGTAATTCTCCCCACCCTTGAGAATGTACTTTGTGAGATCCACCCCCTC-CCCCC 
IIIII I I I I  III III IIIIIII IIIIIII III IIIIIIII III II III IIIIIII I 
CCTTAAGAAGGTTCTTTGTAATTCTCCCCACCCTTGAGAATGTACTTTGTGAGATCCACCCCCTGCCCCT 
630 
AAAACATTGCTCTTAACTCCACTGCCTATCCCAAAACCTCTAAGAACTAA-TAATGATAATCCACCACCC 
IIIII IIII Ill III l l l l l l l  I I I I I I I  I I l l l l l l l  II II III IIlllll II 
AAAACATTGCTCTTAACTCCACTGCCTATCCCAAATCTTTAAGAACTAATTAATGATAATCCACCACCC 
700 
GTTGCTGACTCTCTTTTTGGACTCAGCCCGTCTGCACCCAGGTGAAATAAACAGCCATGTTGCTCACACA 
,,,,l ,I,, ,,, ,I ,,,,,,, ,,, ,,, ,,, ,,,,,,,, ,I, ,, ,+, ,II,I,, ,, 
GT GCTG C=CTe,, =CGGAeTc GeCCCCC GCACee   G   c GecA G = e c c c  
770 
AAGCCTGTTTGGTAGTCTCTTCACACGGACACGTAAGAC~TTTGGTGCCGAAGACCCGGGTCAGCGGACT 
~J l~ l l~ l  J i~t~l l J l~ J l J  J I~l J J  1 -~- - -~- - -~-  I 
AAGCCTGTTTGGTGTTCTCTTCACACGGACACATGAGAC~CCCAGGAGTTCAAGTTTGCAATGAACTATG 
P ' 840 
CCTTTGGGAGACCAGTCCGCTGTCCTCACCCTCACTCTGTGAAGAGATCCACCTATGACCTCGGGTCCTC 
I I I  I I I I I  I I I  I 
ATCAGCCTGGGTGACAAAGACCCTGTCTC~TTAAAGGTAATTGG~AAGTTA 
FIG. 6. Partial sequence of the HHsplicel HERV-H element. The DNA sequence surrounding the 5' and 3' LTRs is shown with the LTRs located 
between the vertical lines. (]-he first nucleotide of the 3' LTR has mutated from the usual T to a G.) The direct repeat, CCCAG, flanking the element 
is shown by thick arrows. The polypurine tract, interior to the 3' LTR, and the tRNA primer binding site (PBS), interior to the 5' LTR, are marked 
with dashed lines. The TATA box and polyadenylation signals within the LTRs are shown by thick overlines. The 15-bp direct repeats flanking the 
Alu repeat are overlined by thin arrows. The region between these repeats, minus the retroviral element, is 78% identical to the Alu-J consensus 
sequence. 
all probes, five clones scored positive for the U5 and 5' 
internal probes only and nine scored positive for the U3 
and 3' internal probes only. Assuming that all nine of the 
latter clones are independent processed pseudogenes, 
the fraction of such elements in the genome would be 
about 1.2% (i.e., 9/703). However, this fraction is an over 
estimation since subsequent more sensitive hybridiza- 
tion tests on purified DNA from five of these nine phages 
indicated that only two of five in fact fit the predicted 
hybridization pattern for a processed pseudogene. Seg- 
ments containing the 3' termini of the HERV-H se- 
quences within these two phage clones were subctoned 
and sequenced. Relevant regions are shown in Fig. 8 
where they are compared to R and U5 regions of a typical 
LTR. In both cases, a poly(A) stretch has been added 
precisely at the end of R as predicted for a HERV-H 
mRNA and a processed pseudogene (see Fig. 4). This 
result indicates that cDNA copies of HERV-H transcripts 
do exist in the genome but our hybridization data suggest 
that less than 1% of elements have this structure. 
DISCUSSION 
We have detected the existence in the genome of 
HERV-H sequences derived fromspliced transcripts. The 
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F- tRNA TGGTGCCGAA-ACCCGC:,G . . . 60 
orang TTTGGTGCCGAAGACCCGGGTCAGCAGGACTCCTTTGGGAGACCAGTCCACTGTCCTCAC 
l l l l l l l l i l l l l l l i l l l l l l l l l  l i l l l l l l l l i l l l I J l l l l l l l  lllllllill 
hum590 TTTGGTGCCGAAGACCCGGGTCAGC-GGACTCCTTTGGGAGACCAGTCCGCTGTCCTCAC 
I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  
hum620 TTTGGTGCCGAAGACCCGGGTCAGC-GGACTCCTTTGGGAGACCAGTCCGCTGTCCTCAC 
I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I l l l  
HHspl l  TTTGGTGCCGAAGACCCGGGTCAGC-GGACTCCTTTGGGAGACCAGTCCGCTGTCCTCAC 
llilllilll I I I fill II IIIII II Ill lillIJl 
N10-14 TTTGGTGCCGTGACTTGGATCGGGG-GACCTCCCTTCGGAGATCAATCCCCTGTCCTGTT 
lillIJll IIIII[ llllil[i ilillillll l i l l i l l l l l l l i l l I J l l l l l l  
RTVL-H2 TTTGGTGCTGTGACTCAGATCGGGG-GACCTCCCTTGGGAGATCAATCCCCTGTCCTGTT 
H-tRNA TGGTGCCGTGACTCGGA 
120 
orang CCTACCTCCGTGA-AGAGATCCACCTACGACCTCGGGTCCTCAGACCAACCAGCCCAAGG 
III III IIII IIIIIIIIIIIII l l l l l l l l l l l l i l l l l l l l l l l l l l l l l l l l  
hum590 CCTCACTCTGTGA-AGAGATCCACCTATGACCTCGGGTCCTCAGACCAACCAGCCCAAGG 
l l l lIJ l l l l l l l l l l l l [ i l J i l l l l l i l l l l l l l l l I J l l l l i l l l l l l l l l l J l l l  
hum620 CCTCACTCTGTGA-AGAGATCCACCTATGACCTCGGGTCCTCAGACCAACCAGCCCAAGG 
I I I I I I I I I I I I I  I I I I I I I I I I I I I I l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l  
HHspl l  CCTCACTCTGTGA-AGAGATCCACCTATGACCTCGGGTCCTCAGACCAACCAGCCCAAGG 
I I I I I  I I I  I I I I I I I I I I I I  I I I I I I  I I I I I I I I I I I  I I I I I I I I I I I  
NI0-14 CTTTGCTCCATGAGAAAGATCCACCTACGACCTCAGGTCCTCAGACTGACCAGCCCAAGA 
lillli[ll ill lllllIlll III lllll lllll lillll lllllllllll 
RTVL-H2 CTTTGCTCCGTGAAAAAGATCCATCTATGACCTTAGGTCTTCAGACCCACCAGCCCAAGG 
SJ 180 
• 4 '  | ,  " , 
orang AACATCTCACCGATTTTAAATTGGGAGCCCACTGGAAA 
l i l i [ l l l l l l l l l l l i i l i l l l l l l l l l l i l l i l l l l  
hum590 AACATCTCACCGATTTTAAATTGGGAGCCCACTGGAAA 
l i l J l i l l I I i i l i l l l l l i l l l l l l l l l i l i l l l l l l  
hum620 AACATCTCACCGATTTTAAATTGGGAGCCCACTGGAAA 
I I l I I l l l I l l l l l l l l l l I i  l l l I l l I l i l I I I l l l  
HHspll  AACATCTCACCGATTTTAAATCGGGAGCCCACTGGAAATCAGACTATCCAACTTGCCTGG 
I I I I I I I I I I I  I I I I  I I I I I  J,, ,,,,,,' . . . . . . . . .  I I I I I I  I l l l l  
N10-14 ~ Characterization of infect ious RYMV cDNA c lones rTCAACTCACCTGG 
II I I I I I I  
RTVL-H2 AACATCTCACCAATTTTAAATCGGGTAAC~GGCCTCTTCTTACTCTCTTCTCCAACCTCT 
I 
SD 
236 
HHspl l  CAGCCACTCCCAGAGCCCCTGGAACTCTGGTCCAAGG--CTCTGACTGACTCCTTC 
lillllllill l i l l J i l l l[J l l l l i l l  Jllll l l l i l l l l l l l l l l l l l  
NI0-14 CAGCCACTCCCGGAGCCCCTGGAACTCTGGCCCAAGACTCTCTGACTGACTCCTTC 
I I llll I II II I I I I I II I III 
RTVL-H2 CTCACTATCCCTCAACCACTTTCTCCTTTCCACTCTTCAACCTCTCCCTTCTCTTA 
RG. 7. Alignments of sequences immediately downstream of the 5' LTR. The orang, hum590, and hum620 sequences are the PCR clones 
generated using the U3-1 primer and the specific orang-S1 primer spanning the splice junction (Table t). HHspll is the spliced genomic element 
and N10-14 is a cDNA clone. The position of the orang-S1 PCR primer is overlined with an arrow. The splice junction is indicated as is the splice 
donor site in the unspliced element RTVL-H2. The 3' ends of Phe-tRNA and His-tRNA are shown aligned to the PBS regions. 
initial approach used was  a PCR strategy that took ad- 
vantage of a frequent spl icing event during HERV-H tran- 
script processing, A s imi lar  strategy has been used to 
obtain evidence for copia retrotransposit ion (Yoshioka 
et al., 1991). In this study, several f ragments apparent ly 
derived from spl iced HERV-H genomic e lements were 
isolated using PCR. Subsequent analysis of a genomic  
locus containing a spl iced HERV-H element, HHsp l ice l ,  
R region I U5 region 
LTR C CTGCACCCAGGTGAAATA.AACAGC TTTATTGCTCACACAA.AGCCTGTTTGGTGGT 
l i l l l l l l l I l i l l  I III[ l [ l [ l i [ [ [ [ l l l l  
pseudo l  CCTGCAC CCAGGTG.  ATTAAAAAGCTTTATTGCTCAAAAAAAA~A 
l l l l l l l l l l l l r J  l lilt Ill I l l l l l J l  
pseudo2 C C TGCAC C CAGGT GA.AATAAACAGC CATGTT GCT CAAAAAAAAAAAAAAAAA.AAAA 
FIG. 8. Sequence comparisons of the two clones containing HERV-H processed pseudogenes, termed pseudo 1 and 2, to a typical HERV-H LTR. 
0nly a porLion of the R and U5 regions are shown with the boundary between the two being marked by a thick line. Pelyadenylation signals are 
underlined. 
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revealed intact LTRs and 5-bp flanking direct repeats. 
These features are strong evidence for a retroviral inser- 
tion pathway. Splicing of prototypical retroviral tran- 
scripts normally gives rise to the subgenomic env mRNA 
(Varmus, 1982). The HERV-H splice is unusual in that, 
although it starts at a SD site in the expected location 
just downstream of the 5' LTR, it ends at a cluster of SA 
sites just 3' to the region of gag homology. Whether 
this spliced transcript serves a biological function for the 
element is unknown. It is possible that these transcripts 
are a consequence of the fact that most HERV-H ele- 
ments are deleted forms which have lost the SA site 
associated with the deleted env domain. What may be 
occurring is the subsequent activation of a cluster of 
cryptic SA sites. Such activations are seen in true retrovi- 
ruses that have had the usual env site deleted (Armen- 
tano et al., 1987; Tchenio et al., 1993). 
Our inability to demonstrate an intact 5' LTR associ- 
ated with four of the five spliced PCR fragments originally 
isolated, including the apparent polymorphic one in hu- 
man, suggests that the corresponding elements may be 
processed pseudogenes. Indeed, the formation of pro- 
cessed pseudogenes derived from a defective retrovirus 
vector has been reported, albeit at a very low frequency 
(Tchenio et al., 1993). In the case of HERV-H, hybridiza- 
tion tests of a genomic library indicated that very few 
elements (less than 1%) have the structure predicted for 
processed pseudogenes. Thus, it is possible that the 
four spliced fragments do not represent processed cDNA 
copies but rather virally transposed elements with LTRs 
that are diverged from the HERV-H LTR consensus used 
to design the U3 primers for PCR. Isolation of full length 
clones containing these elements will be necessary to 
distinguish between these possibilities. The polymorphic 
PCR fragment is particularly interesting since it may rep- 
resent a new integration event that is not fixed in humans. 
If so, it would be the most recent documented insertion 
of a human endogenous retroviral element (Wilkinson et 
al., 1994). We are presently attempting to isolate and 
characterize the genomic locus harboring this HERV-H 
sequence. 
Library screening experiments suggest that very few 
HERV-H elements have integrated as spliced forms. One 
probable reason for this very rare occurrence of spliced 
genomic elements is that the splicing event would be 
expected to result in the loss of the packaging signal. In 
retroviruses, the packaging signal serves to direct the 
genomic retroviral RNAto the particle for packaging (Lin- 
ial and Miller, 1990). The subgenomic spliced env tran- 
script loses this packaging signal because this signal is 
located 3' to the SD site, at least in murine retroviruses 
(reviewed in Linial and Miller, 1990). If the putative pack- 
aging signal in HERV-H is in a position analogous to that 
in murine retroviruses, then any spliced transcript would 
lack the packaging signal. However, in other systems, 
deletion of the packaging signal does not totally prevent 
packaging. Although the rate of packaging and transfer 
of a @-retroviral vector was reduced 3000-fold relative 
to a vector containing the packaging signal, it was still 
detectable (Mann and Baltimore, 1985). Therefore, 
spliced HERV-H transcripts could occasionally be pack- 
aged which would then allow for efficient reverse tran- 
scription and reintegration. It is also possible that the 
other elements identified in the PCR strategy that were 
dismissed as representing deleted elements may have 
been aberrantly spliced transcripts that retained the 
packaging signal and went through the retrotransposition 
process. 
As mentioned above, most HERV-H LTRs can be clas- 
sified into two subtypes based on sequence differences 
in the U3 region. Type I LTRs have two to three copies 
of a 49-bp "type I" repeat while type II LTBs have one 
copy of a type J repeat followed by four to six copies of 
a different 27-to 32-bp sequence termed a "type I1" repeat 
(Goodchild eta/., 1993). Elements with type II LTRs repre- 
sent 30-35% of all HERV-H sequences, while type I ele- 
ments represent 55-60% (Mager, 1989; Goodchild eta/., 
1993). Type I elements are also transcribed to a much 
higher level than type II elements in teratocarcinoma 
cells (Goodchild eta/., 1993). It is thus interesting to note 
that HHsplicel and the PCR clones derived from spliced 
elements that we have sequenced all contain type II 
LTRs. One possible explanation for this finding is that 
type II-spliced transcripts may be more efficient tem- 
plates for retrotransposition than type I-spliced RNAs. 
Although the internal regions of type I and II elements 
cross-hybridize and are generally homologous (see Fig. 
7), there could very well be important functional differ- 
ences. For instance, one feature that this study has un- 
covered is an apparent difference in the PBS of type II 
versus type I elements. This region has been sequenced 
from several type I elements and all have a PBS homolo- 
gous to His-tRNA (Mager and Henthorn, 1984; Mager 
and Freeman, 1987; Hirose et aL, 1993). However as 
seen in Fig. 7, the spliced type II elements are divergent 
from type I in this region, having a PBS most closely 
related to Phe-tRNA. It is presumed that an ancient re- 
combination event led to the formation of the precursors 
to type I and II LTRs. Such an event could also have 
altered the PBS. To investigate this possibility, we are 
currently sequencing the PBS from several unspliced 
type II elements, 
This study has demonstrated the existence of rare 
HERV-H sequences with the structure of spliced retro- 
transposed elements. The finding of such sequences 
suggests an RNA-mediated retrovirus-like pathway for. 
the insertion of HERV-H sequences in general. We have 
also shown that a few HERV-H processed pseudogenes 
are present in the genome and that some of the spliced 
elements detected by PCR may be of this form. However, 
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the fact that greater than 99% of HERV-H elements ap- 
pear to have intact LTRs by hybridization analysis indi- 
cates that the vast majority do not have the structure of 
a processed RNA. Taken together, these results suggest 
that most HERV-H sequences integrated as viral retro- 
transposons. 
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